Abstract
Introduction

44
Functioning river systems offer numerous economic and social benefits to society including 45 water supply, nutrient cycling and disturbance regulation amongst others (e.g Costanza et al., 46 1997; Postel and Carpenter, 1997) . As a result, many countries worldwide have endeavoured 47 catchment of the Olifants/Doorn quaternary catchment. The estuarine lake supports both 118
Karroid and Fynbos biomes, due to the intermittent connection between salt and fresh water. 119
A sandbar created around a sandstone outcrop (Table Mountain Group) allows for freshwater 120 to exit the lake to the sea, as well as reducing sea water flow within the lake. The lake is 121 supplied by four main tributaries which are the Krom Antonies, Bergvallei, Hol and Kruismans. 122
The main freshwater sources are suggested to be the Krom Antonies (Sigidi, 2018) Klipheuwel formations (Fig. 2) . The MG shales and quaternary sediments which host the 145 secondary and primary aquifer respectfully, are frequently used to supplement irrigation during 146 the summer months of the year. During winter, the majority of the irrigation water needed for 147 crop growth is supplied by the sub-catchment tributaries or lake itself. Agriculture is the 148 dominant water user in the sub-catchment with an estimated usage of 20 % of the total recharge 149 (DWAF, 2003; Watson et al, submitted) , with the main food crop being potatoes. For further 150 information regarding the study site refer to Watson et al., (2018) . 151
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Model regionalisation 182
Rainfall and relative humidity are the two main parameters that are regionalised within the 183 J2000 rainfall/runoff model. While a direct regionalisation using an inverse-distance method 184 (IDW) and the elevation of each HRU can be applied to rainfall data, the regionalisation of 185 relative humidity requires the calculation of absolute humidity. The regionalisation of rainfall 186 records was applied by defining the number of weather station records available and estimating 187 the influence on the rainfall amount for each HRU. A weighting for each station using the 188 distance of each station to the area of interest was applied to each rainfall record, using an 189 elevation correction factor (Watson et al., 2018) . The relative humidity and air temperature 190 measured at set weather stations was used to calculate the absolute humidity. Absolute 191 humidity was thereafter regionalised using the IDW method, station and HRU elevation. After 192 the regionalisation had been applied, the absolute humidity was converted back to relative 193 humidity through calculation of saturated vapor pressure and the maximum humidity. 194
Water balance calculations 195
The J2000 model is divided into calculations that impact surface water and groundwater 196
processors. The J2000 model distributes the regionalised precipitation ( ) calculated for each 197 HRU using a water balance defined as: 198 The soil module in the J2000 model is divided up into processing and storage units. Processing 214 units in the soil module include soil-water infiltration and evapotranspiration, while storage 215 infiltrated precipitation was calculated using the relative saturation of the soil, and its maximum 217 infiltration rate (SoilMaxInfSummer and SoilMaxInfWinter) (Supplementary: Table 1 ). 218
Surface runoff was generated when the maximum infiltration threshold was exceeded. The 219 amount of water leaving LPS, which can contribute to recharge, was dependant on soil 220 saturation and the filling of LPS via infiltrated precipitation. Net recharge ( ) was estimated 221 using the hydraulic conductivity ( ), the outflow from LPS ( ) and the slope 222 ( ) of the HRU according to: 223
The hydraulic conductivity, and the adjusted .were thereafter used to 224 calculate interflow ( ) according to: 225 
with the interflow calculated representing the sub-surface runoff component RD2 and is routed 226
as runoff within the model. 227
Groundwater components 228
The J2000 model for the Verlorenvlei sub-catchment was set up with two different geological 229 reservoirs: (1) the primary aquifer (upper groundwater reservoir -RG1), which consists of 230 quaternary sediments with a high permeability; and (2) the secondary aquifer (lower 231 groundwater reservoir-RG2), made up of MG shales and TMG sandstones (Table 1) . 232 233 
where 1 is the outflow from the upper reservoir, 2 is the outflow from the lower 246 reservoir and 1 / 2 are calibration parameters for the upper and lower 247 reservoir used to determine the outflow from each reservoir. To allocate the quantity of net 248 recharge between the upper (RG1) and lower (RG2) groundwater reservoirs, a calibration 249 coefficient 1 2 was used to distribute the net recharge for each HRU using the 250 HRU slope. The influx of groundwater into the shallow reservoir ( 1) was defined as: 251
The influx of net recharge into the lower groundwater reservoir ( 2) was defined as: 252
with the combination of 1 and 2 representing the baseflow component that is 253 routed as an outflow from the model. 254
Lateral and reach routing 255
Lateral routing was responsible for water transfer within the model and included HRU influxes 256 and discharge through routing of cascading HRUs from the upper catchment to the exit stream. 257
HRUs were either able to drain into multiple receiving HRUs or into reach segments, where 258 the topographic ID within the HRU dataset determined the drain order. The reach routing 259 module was used to determine the flow within the channels of the river using the kinematic 260 (Het Kruis) (Fig 1 and 2) , was used for surface water calibration. The G3H001 two-stage weir 296 could record a maximum flow rate of 3.675 m 2 .s -1 due to the capacity limitations of the 297 structure. After 2009, the G3H001 structure was decommissioned due to structural damage, 298 although repairs are expected in the near future due to increasing concerns regarding the influx 299 of freshwater into the lake. Water levels measured at the sub-catchment outlet at DWA station 300 G3T001 (Fig 1) between 1994 to 2018 were used for EMD filtering. 301
Groundwater components 302
Net recharge and hydraulic conductivity: The net recharge and hydraulic conductivity values 303 used for the groundwater model calibration were collected from detailed MODFLOW 304 modelling conducted for the Krom Antonies tributary ( formations was assigned hydraulic conductivities using the groundwater model for the Krom 316
Antonies sub-catchment (Watson et al., submitted). The J2000 geological formations were 317 assigned conductivities to modify the maximum percolation value to ensure internal 318 consistency with recharge values calculated using MODFLOW (Table 1) . 319
Model calibration 320
Model sensitivity 321
The J2000 sensitivity analysis for Verlorenvlei sub-catchment was presented in Watson et al., 322 (2018) and therefore only a short summary is presented here. In this study, parameters that 323 were used to control the ratio of interflow to percolation were adjusted, which in the J2000 324 model include a slope (SoilLatVertDist) and max percolation value. The sensitivity analysis 325 conducted by Watson et al., (2018) showed that for high flow conditions (E2) (Nash-Sutcliffe 326 efficiency in its standard squared), model outputs are most sensitive to the slope factor, while 327 for low flow conditions (E1) (modified Nash-Sutcliffe efficiency in a linear form) the model 328 outputs were most sensitive to the maximum infiltration rate of the soil (ie. the parameter 329 maxInfiltrationWet) (Supplementary: Figure 1 ). The max percolation was moderately sensitive 330 during wet and dry conditions, and together with the slope factor, controlled the interflow to 331 percolation portioning that was calibrated in this study. 332
Surface water calibration 333
The surface water parameters of the model were calibrated for the Kruismans tributary (688 334 km 2 ) (Fig. 2) using the gauging data from G3H001 ( Fig. 4 and (Fig. 4) . This specific calibration period was selected due to the wide range of different runoff 337 conditions experienced at the station, with both low and high flow events being recorded. For 338 the calibration, the modelled discharge was manipulated in the same fashion, with a maximum 339 value of 3.675 m³/s, so that the tributary streamflow behaved as measured discharge. An automated model calibration was performed using the "Nondominating Sorting Geneticthe modelled recharge from J2000 was within an order of magnitude of recharge from the 348 MODFLOW model; (2) to achieve a representative sub-catchment hydrograph. As objective 349 functions, the E2, E1and the average bias in % (Pbias) were utilized for the calibration (Krause 350 et al., 2005) ( Table 2 ). The choice of the optimized parameter set was made to ensure that E2 351 was better than 0.57 (best value was 0.574302) and the Pbias better than 5% (Table 1) . From 352 the automated calibration, 308 parameter sets were determined with the best E1 being chosen 353
to ensure that the model is representative of low flow conditions (Table 1) . 354
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Model validation 355
For the surface water model validation, the streamflow records between 1994-2007 were used, 356
where absolute values (E1) and squared differences (E2) of the Nash Sutcliffe efficiency were 357 reported. The Pbias was also used as an objective function to report the model performance by 358 comparison between measured and modelled streamflow (Table 2) The groundwater recharge values from MODFLOW were validated with J2000 recharge 372 estimates (Fig. 5) . During the calibration period the groundwater recharge proportion for the 373 eight calibrated hydraulic zones (Fig. 3) Decomposition (EMD) (Huang et al., 1998) was applied to the measured water level data at 385 the sub-catchment outlet (G3T001) (Fig. 1) between 1994 to 2018 (Fig 6a) . (Fig. 6b) . 394
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Results
399
The J2000 model was used to simulate both runoff and baseflow, with runoff being comprised 400 of direct surface runoff (RD1) and interflow (RD2) and baseflow simulated from the primary 401 (RG1) and secondary aquifer (RG2). Below, the results of the modelled streamflow and 402 baseflow are presented, along with the total flow contribution of each tributary, the runoff to 403 baseflow proportioning and stream exceedance probabilities. The coefficient of variation (CV) 404 was used to determine the streamflow variability of each tributary, while the baseflow index 405 (BFI) was used to determine the baseflow and runoff proportion. 406
Streamflow and baseflow 407
Streamflow for the sub-catchment shows two distinctively wet periods (1987-1997 and 2007-408 2017), separated by a dry period (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (Fig. 7) 
Tributary contributions 429
The four main feeding tributaries (Bergvallei, Kruismans, Hol and Krom Antonies) together 430 contribute 81% of streamflow for the Verlorenvlei, with the additional 19% from small 431 tributaries near Redelinghuys (Fig. 7) . The Kruismans contributes most of the total streamflow 432 with 32.4 %, although due to the sub-catchment being the largest of the tributaries (688 km 2 ), 433 the area weighted contribution is 16.4 % (Fig. 7) . The Bergvallei (320 km 2 ), which is smaller 434 than the Kruismans, contributes 29 % of the total flow with an area weighted contribution of 435 32 %. The Krom Antonies has the largest area weighted contribution of 33 % due to its small 436 size (140 km 2 ) in comparison to the other tributaries, although the Krom Antonies contributes 437 only 13 % of the total flow (Fig. 7) . The Hol (126 km 2 ) contributes the least total flow with 438 6.79 %, with a weighted contribution of 18.69 % (Fig. 7) . 439
Flow variability 440
Streamflow that enters Verlorenvlei has a large daily variability with a coefficient of variation 441 of 189.90 (Fig. 7) . Verlorenvlei's streamflow is mainly comprised of surface runoff 442 (RD1/RD2=15.6) as opposed to interflow. The total groundwater flow contribution for the 443
Verlorenvlei is 47 % (BFI=0.47) with the majority of groundwater baseflow from the 444 secondary aquifer (RG1/RG2=0.29). The Kruismans has large daily streamflow variability 445 with a CV of 217.20 (Fig. 7) . The Kruismans tributary is mainly comprised of surface runoff 446 (RD1/RD2=13.9) with a small interflow contribution. The total groundwater flow contribution 447 for the Kruismans tributary is relatively low, with groundwater making up 14 % of streamflow 448
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The Bergvallei has the highest streamflow variability, with a CV of 284.54, and the highest 450 surface runoff to interflow proportion (RD1/RD2=22.50), with a total groundwater 451 contribution of 49 % (BFI=0.49) (Fig. 7) . The secondary aquifer contributes the majority of 452 baseflow for the Bergvallei, with the secondary aquifer contribution being more than double 453 the primary aquifer (RG1/RG2=0.54). The Krom Antonies has significant variability in daily 454 streamflow, with a CV of 283.00 (Fig. 7) . 
Modelling in sub-Saharan Africa 479
A major limitation facing the development and construction of comprehensive modelling 480 systems in sub-Saharan Africa is the availability of appropriate climate and streamflow data. 481
For this study, while there was access to over 20 years of streamflow records, the station was 482 only able to measure a maximum of 3.675 m³.s -1 , which hindered calibration of the model for 483 high flow events. As such, the confidence in the model's ability to simulate high streamflow 484 events using climate records is limited. While the availability of measured data is a limitation 485
Hydrol (Fig.  492   6) . The results from the EMD filtering showed that after removing the first nine IMFs, the local 493 maxima of both signals match the seasonal water level maxima during most of the years. While 494 considerable improvement can be made to the EMD filtering, the results show some agreement 495 which suggested that the simulated runoff was representative of inflows into the lake. 496
In data scares catchments it is important to make use of all available data in an effort to improve 497 the understanding of the catchment dynamics. To account for historical gauging data a number 498 of adaptions were made to the climate regionalisation, as well as an EMD filtering protocol to 499 use water level data at the sub-catchment outlet. Consequently, the model performed 500 particularly well considering the streamflow and climate station limitations, although the model 501 is yet to be tested regarding its ability to simulate high flow events. 502
Catchment dynamics 503
Factors that impact on streamflow variability are important for understanding river flow regime 504 dynamics. Previously, factors that affect streamflow variability such as CV and BFI values 505 have been used to determine how susceptible particular river systems are to drought (e. The highest proportion of streamflow needed to sustain the Verlorenvlei lake water level is 515 received from the Bergvallei tributary, although the area weighted contribution from the Krom 516
Antonies is more significant (Fig. 7) . However, CV values for the Bergvallei indicate high 517 streamflow variability. This is partially due to the high surface runoff component in modelled 518 streamflow within the Bergvallei in comparison to the minor interflow contribution, suggesting 519 little sub-surface runoff. While streamflow from the Bergvallei tributary is 47% groundwater, 520 which would suggest a more sustained streamflow, due to the TMG dominance as well as a 521 high primary aquifer contribution, baseflow from the Bergvallei is driven by highly conductive 522 rock and sediment materials. Similarly, CV values for the Krom Antonies indicate high 523 streamflow variability due to the presence of a high baseflow contribution from the conductive 524 TMG and primary aquifers. Although the Krom Antonies has a larger interflow component, 525 which would reduce streamflow variability, the dominant TMG presence within this tributary 526 partially compensates for the subsurface flow contributions. 527
In contrast, the Hol has a much smaller daily streamflow variability in comparison to both the 528 Bergvallei and the Krom Antonies (Fig. 7) . While streamflow from the Hol tributary is mainly 529 comprised of baseflow (56%), the dominance of low conductive shale rock formations as well 530 as a large interflow component result in reduced streamflow variability. While the larger shale 531 dominance in this tributary not only results in a more sustained baseflow from the secondary 532 aquifer, it also results in large interflow due to the limited conductivity of the shale formations. 533
Compounding the more sustained baseflow from the Hol tributary, the reduced presence of the 534 
Baseflow comparison 548
The groundwater components of the J2000 model were adjusted using calibrated net recharge 549 and aquifer hydraulic conductivity from a MODFLOW model of one of the main feeding 550 tributaries of the Verlorenvlei. The Krom Antonies was selected for this calibration as it was 551 previously believed to be the largest input of groundwater to Verlorenvlei (Fig. 2) . Baseflow 552 for the Krom Antonies tributary was previously calculated using a MODFLOW model (Watson 553 et al., 2018) , by considering aquifer hydraulic conductivity and average groundwater recharge. abstraction is likely to exceed sustainable volumes during dry months or dry cycles which could 565 hinder the ability of the aquifer to supply baseflow. While the groundwater components of the 566 J2000 have been distributed to allow for improved baseflow estimates, the groundwater 567 calibration was applied to the Krom Antonies. However, this study showed that Bergvallei has 568 been identified as the largest water contributor. In hind sight, the use of geochemistry to 569 identify dominant particular tributaries could have aided the groundwater calibration. While it 570 would have been beneficial to calibrate the groundwater components of the J2000 using the 571 Bergvallei, incorporating one tributary that is dominated by TMG outcrops and one by shale 572 would have improved the representativeness of the baseflow estimates from the model. While 573 the distribution of aquifer components improved modelled baseflow, including groundwater 574 abstraction scenarios in baseflow modelling in the sub-catchment is important for future water 575 management for this ecologically significant area. 576
Ecological reserve and evaporative demand 577
Exceedance probabilities have been used as approximate estimates of minimum river flow 578 requirements. The exceedance percentiles used for ecological reserve determination are 579 streamflow values that are exceeded 95 % of the time (Barker and Kirmond, 1998 previous 30 years within the Verlorenvlei sub-catchment. The exceedance probabilities were 582 determined for each tributary, as well as the total inflows into the lake. These exceedance 583 probabilities were compared with the evaporative demand of the lake, to understand whether 584 inflows are in surplus or whether evaporation demands exceed inflows. As an approximation 585 of the evaporative demand of the Verlorenvlei, an average evaporation loss of 5 mm.d -1 was 586 assumed across the lake's surface area (15 km 2 ). 587
The 95th percentile streamflow contribution, which is the ecological reserve percentile, 588 corresponds to a lake inflow of 4,702 m 3 .d -1 , meeting the evaporation demand if the lake was 589 at 7 % capacity. From this it does not seem that the 95th percentile is enough to balance the 590 evaporation demand of the lake. Furthermore, an average streamflow (50th percentile) would 591 only meet the evaporation demand of 1/4 of the lake's surface area. Considering the exceedance 592 probability of the wet cycle period (2007-2017), the 95th percentile corresponded to 7,093lake requires these inflows for regeneration and the overallocation of resources could result in 607 prolonged dry cycle conditions. 608
Conclusion
609
Understanding river flow regime dynamics is important for the management of ecosystems that 610 are sensitive to streamflow fluctuations. While climatic factors impact rainfall volumes during 611 wet and dry cycles, factors that control catchment runoff and baseflow are key to the 612 implementation of river protection strategies. In this study, groundwater components within 613 the J2000 model were distributed to improve baseflow and runoff proportioning for the 614
Verlorenvlei sub-catchment. The J2000 was distributed using groundwater model values for 615 the dominant baseflow tributary, while calibration was applied to the dominant streamflow 616 tributary. The model calibration was hindered by the maximum gauging station resolution, 617 which reduced the confidence in modelling high flow events, although an EMD filtering 618 protocol was applied to account for the resolution limitations and missing streamflow records. 619
The modelling approach would likely be transferable to other partially gauged semi-arid 620 catchments, provided that groundwater recharge is well constrained. The daily timestep nature 621 of the J2000 model allowed for an in-depth understanding of tributary flow regime dynamics, 622
showing that while streamflow variability is influenced by the runoff to baseflow proportion, 623 the host rock or sediment in which groundwater is held is also a factor that must be considered. 624
The modelling results showed that on average the streamflow influxes were not able to meet 625 the evaporation demand of the lake. High-flow events, although they occur infrequently, are 626 responsible for regeneration of the lake's water level and ecology, which illustrates the 627 importance of wet cycles in maintaining biodiversity levels in semi-arid environments. 
